1. Introduction {#sec1-materials-13-00799}
===============

Many industries use surface coatings for special applications \[[@B1-materials-13-00799]\]. Techniques for surface coating are used in the automotive industry \[[@B2-materials-13-00799]\], in the metal industry, in the aviation sector \[[@B3-materials-13-00799]\], in the food processing industries \[[@B4-materials-13-00799]\], in the biomedical sector \[[@B5-materials-13-00799]\], and in the chemical industry \[[@B6-materials-13-00799]\], among many others.

Coatings can be metallic, polymeric, ceramic, and organic. Application methods include electrodeposition, plasma spraying, hot dipping, chemical conversion coatings, physical and chemical vapour deposition, thermal spraying, paints, glass enamels, and sol-gel deposition.

This work is done with polymeric coatings obtained by applying fluorinated paints on elements used in the food sector.

In the breadmaking industry and related products, in the plastic containers and packaging manufacturing sector, in the chemical industry, or in the meat industry among others, part of the metallic elements (tools, moulds, trays, and reactors) are protected with anti-adherent fluoropolymer coatings \[[@B7-materials-13-00799]\]. The objective is multiple: to prevent adherence to substrates, to give low chemical reactivity, to facilitate cleaning, to improve unmoulding, and to increase the life of the elements \[[@B8-materials-13-00799]\]. The fluoropolymer-based resins usually used for these coatings are \[[@B9-materials-13-00799]\]: polytetrafluoroethylene (PTFE), perfluoroalkoxide (PFA), and fluorinated ethylene propylene (FEP). However, due to lower surface energy and very low chemical reactivity, the most common is PTFE \[[@B10-materials-13-00799],[@B11-materials-13-00799]\]. Once coated, the metal elements must pass through a furnace at about 400--420 °C for sintering the coating.

Coatings have a limited service life. After a certain number of uses, they must be removed and the metallic elements must be protected again \[[@B12-materials-13-00799]\]. There are several techniques to remove the coating: high pressure water jet, chemical procedures, carbonization, plasma, cryogenic techniques, high intensity light pulses, laser, and more.

Considering the qualities of low chemical reactivity, high surface hardness, high adhesion capacity on the substrate, and the ability to remain unchanged until relatively high temperatures (500 °C), PTFE coatings are very difficult to remove \[[@B13-materials-13-00799]\]. Therefore, most of the techniques previously listed produce inefficient results \[[@B14-materials-13-00799]\] or, as the case may be, require high operational and environmental control costs, which makes it advisable to discourage their use \[[@B15-materials-13-00799]\].

Sandblasting is another common coating removal technique. In the literature, works related to abrasive stripping applications in different sectors can be found such as civil steel structures \[[@B16-materials-13-00799]\], castings \[[@B17-materials-13-00799]\], paint stripping on aircrafts \[[@B18-materials-13-00799]\], paint stripping on ships \[[@B19-materials-13-00799]\], and for removing graffiti \[[@B20-materials-13-00799]\].

For the removal of non-stick fluoropolymer coatings, it is common to perform a two-step process. In the first step, a carbonization is performed \[[@B15-materials-13-00799],[@B21-materials-13-00799]\]. In the second step, the carbonized coating is removed by sandblasting with corundum-type abrasives \[[@B21-materials-13-00799]\]. The carbonisation stage requires rigorous and high costs to ensure adequate environmental control to minimise risks for operators. It is challenging to efficiently resolve the removal of these coatings in only one step and without carbonization. The development of new types of abrasives \[[@B22-materials-13-00799]\], the increasingly widespread introduction of automated systems \[[@B23-materials-13-00799],[@B24-materials-13-00799]\], and the existence of stricter regulatory standards \[[@B25-materials-13-00799]\] have all led to a renewed commitment to abrasive projection stripping procedures \[[@B26-materials-13-00799]\]. This study evaluated the use of several abrasives with a wide range of characteristics, including white corundum, brown corundum, glass microspheres, plastic particles, and a walnut shell \[[@B27-materials-13-00799]\].

In the food processing industry, in the metal forming industry, and in the chemical industry, light alloys are used as a substrate. One family of materials commonly used are aluminium alloys. Among them, the 5000 series (aluminium-magnesium) is of particular interest. These alloys have several advantages. They allow food contact with certain limitations \[[@B28-materials-13-00799]\] while being suitable for cold forming. Furthermore, they have adequate weldability and excellent corrosion resistance. In our study, the EN AW 5182 alloy with PTFE coatings was used.

The objective of this work is to determine and compare the efficiency of the use of various abrasives in the stripping of PTFE coatings on Al-Mg alloys in a single step, with the aim of analysing the impact on the mechanical and surface properties on the substrate to propose the optimal abrasives.

2. Materials and Methods {#sec2-materials-13-00799}
========================

For this work, 45 square specimens of 25 mm × 25 mm × 5 mm of magnesium aluminium alloy EN AW 5182 H111 supplied by Broncesval (Paterna, Valencia, Spain) have been used. These test pieces are necessary to carry out 15 tests with five abrasives at three pressures. The tests have been repeated three times.

The results obtained for the chemical composition by X-ray microanalysis (EDX) with a JEOL JSM 6300 (Jeol USA, Peabody, MA, USA) are shown in [Table 1](#materials-13-00799-t001){ref-type="table"} and are compatible with the standard compositions.

This aluminium alloy, in the state of supply, is an annealed alloy in which its final acridity degree has been obtained by cold rolling. The Vickers hardness in this state is 85.0 HV5 and it has been measured with a Zwick/Roell ZHU250 (Zwick Iberica Testing Equipment S.L, San Cugat del Valles, Barcelona, Spain), according to UNE-ISO 6507 \[[@B29-materials-13-00799]\].

The coating is called as TFI-2531 N by Tecnimacor (Tecnimacor S.L, Córdoba, Spain) who is a specialist in the application of fluoropolymeric non-stick coatings. TF-2531 is a fluoropolymer-based on PTFE. It is a three-layer coating. The applied products have been supplied by the Whitford Company (Whitford España S.L, Barberá del Vallés, Barcelona, Spain). The first layer is a liquid resin applied by spraying with an HVLP gun (high volume low pressure). After the drying of the first layer, a second layer is applied and then a third layer, wet-on-wet. Lastly, the whole is cured in an NA 15/65 electric oven (Nabertehem GmbH, Lilienthal, Germany). The characteristics of the coating are shown in [Table 2](#materials-13-00799-t002){ref-type="table"}.

A micrography showing the cross-section of the aluminium substrate with the applied coating is provided in [Figure 1](#materials-13-00799-f001){ref-type="fig"} to show the morphology of the deposited layers.

The structure of the Al-Mg alloy is recrystallized after the application of the curing heat treatment (410 °C for 15 min) on the PTFE coating, which shows a decrease in hardness with respect to the state of the supply (from 85.0 to 71.3 HV5).

Five types of abrasives, with the properties and characteristics indicated in [Table 3](#materials-13-00799-t003){ref-type="table"}, were used for the tests. Other abrasives such as silica have been discarded due to the limitations of their use in closed spaces, or metallic abrasives that have a high risk of becoming embedded in the surface of the aluminium and produces oxidation. Other abrasives such as sodium bicarbonate are commonly used in wet media and this study has been focused on dry media.

Suction equipment (venturi effect) was used for the projection of the abrasive particles. It is about the model Sand Blast Cabinet CAT-990 (Aslak S.L, San Quirze del Valles, Barcelona, Spain). The projection nozzle has a diameter of 6.5 mm. The projection was made at a distance of 200 mm from the substrates and at 90° with a pressure of 0.4, 0.5, and 0.6 MPa. [Figure 2](#materials-13-00799-f002){ref-type="fig"} shows the assembly.

The roughness of the substrate after stripping has been measured by a Mitutoyo SJ-201 roughness tester (Mitutoyo Corporation, Sakada, Japan). Ra and Rz have been measured.

The coating-stripped surfaces were checked by visual inspection. The coating is black and the removal contrasts sharply with the colour of the aluminium.

The SEM images were obtained with the high-resolution scanning electron microscope FE-SEM JEOL JSM 7800F Prime (JEOL USA, Inc., Peabody, MA, USA).

3. Results and Discussion {#sec3-materials-13-00799}
=========================

3.1. Stripping Rate {#sec3dot1-materials-13-00799}
-------------------

The stripping rate has been obtained once the surface is free of PTFE coating. [Figure 3](#materials-13-00799-f003){ref-type="fig"} shows the stripping rates in cm^2^/s, depending on the abrasive material and the pressure used.

It is evident that, for both brown corundum (BC) and white corundum (WC), the stripping rates are similar, which is the highest in the experiments. They vary between 0.3 and 0.6 cm^2^/s. For glass microspheres (G) and plastic particles (P), intermediate stripping rates (between 0.1 and 0.2 cm^2^/s) were obtained. For the abrasive walnut shell (WS), the stripping rate is barely 0.1 cm^2^/s. The highest stripping rates were obtained at high pressures and with the hardest abrasive materials. This result is consistent with that obtained for plastic particles in metals \[[@B30-materials-13-00799]\], for glass microspheres on stainless steel 316 L \[[@B31-materials-13-00799]\], and for titanium surfaces in the case of corundum \[[@B32-materials-13-00799]\].

The best option to maximize the stripping rate in the proposed system are both white and brown corundum abrasives, applied at 0.6 MPa projection pressure showing stripping rate values between 0.6 and 0.7 cm^2^/s. These values are lower than those obtained by a two-step process (carbonization + sandblasting) in which rates of up to 1 to 1.2 cm^2^/s are reached \[[@B33-materials-13-00799]\].

3.2. Surface Roughness {#sec3dot2-materials-13-00799}
----------------------

Surface roughness is a relevant aspect when reusing substrates for a new application of PTFE coatings. The greater or lesser ease with which the new coatings remain attached to the surface of the reused aluminium will largely depend on the roughness values of the substrate. The literature recommends values of Ra between 2.5 to 4 µm \[[@B7-materials-13-00799],[@B10-materials-13-00799],[@B12-materials-13-00799]\]. The roughness values obtained in the experiments performed in this work are shown in [Figure 4](#materials-13-00799-f004){ref-type="fig"}.

The results showed that the highest values were obtained for white corundum, which was followed by brown corundum. As in the case of stripping rates, the relations between hardness of the abrasive and pressure used are the same. The higher the hardness and the projection pressure of the abrasive are, the higher the roughness value is. It is worth mentioning the low roughness generated by the abrasive walnut shell.

These results are consistent with the shape, hardness, and projection pressure of the abrasives \[[@B34-materials-13-00799]\]. The roughness values (Ra) closest to target 2.5--4 μm are produced by the plastic particles at all pressures tested and the glass microsphere for pressures between 0.4--0.5 MPa. In the two-step process, the values obtained are significantly lower and always between 1.5--2 µm of Ra \[[@B21-materials-13-00799]\].

The geometry and hardness of the abrasives produce textures that mark the surface of the stripped substrate to a certain depth and are related to the angle of impact, in our case 90°, and the hardness difference between the abrasive and the substrate. The depth of these marks, their distribution, and shape are consistent with the type of abrasive used in other works \[[@B34-materials-13-00799],[@B35-materials-13-00799],[@B36-materials-13-00799]\].

3.3. Hardness of Substrates {#sec3dot3-materials-13-00799}
---------------------------

Aluminium-magnesium substrates coated with PTFE suffer high thermal stress and their structure is recrystallized after the coating has cured. This recrystallized structure reduces hardness and mechanical properties \[[@B33-materials-13-00799]\]. It is, therefore, interesting to increase the hardness of the substrate to solve, at least partially, the loss of properties provoked by heat treatment. It is important to note the depth to which the hardening has penetrated into the total thickness of the substrate. The projection of particles produces a hardening \[[@B37-materials-13-00799]\] since the particles' impact on the substrate and the density of defects (dislocations) in the crystalline structure increase, which hardens it due to this mechanism. Similarly, mechanical fatigue behaviour can be improved \[[@B38-materials-13-00799]\]. This last aspect is not dealt with in this work because most of the applications of these coated parts are for substrates with static charges.

The values of Vickers hardness with a load of 5 kp reached in the substrates after abrasive stripping were determined ([Figure 5](#materials-13-00799-f005){ref-type="fig"}). The results were measured after projection with 0.4, 0.5, and 0.6 MPa. The application time was necessary for the effective removal of the coating.

The aluminium after the PTFE coating has 71.3 HV5 hardness. The graph in [Figure 6](#materials-13-00799-f006){ref-type="fig"} shows that, for all abrasives, after the removal of the coating, the hardness of the substrate increases.

The abrasives that caused the highest degree of hardening of the substrate were the glass microspheres followed by the plastic particles, with values between 88--91.5 HV5 against values of 82--83 HV5 in the case of corundum. These abrasives have lower hardness on the Mohs scale than white or brown corundum, 6 (glass) and 4 (plastic) vs. 9 (corundum), but the application time for the complete removal of PTFE is 2.5 to 3 times higher.

For walnut shell abrasiveness (2.5--3 Mohs scale), blasting times are 7 to 8 times greater than brown or white corundum. Despite the blasting time, the hardness remains between 80--83 HV5 and there is no noticeable increase. The lower hardness of the abrasiveness causes an increase in hardness, but this is limited and has little dependence on the abrasive application time.

On the other hand, it can be seen that each type of abrasive produces similar hardness levels for the blasting pressures tested 0.4, 0.5, and 0.6 MPa. For brown corundum, a hardness level between 82.6--82.9 HV5 has been obtained. For white conundrum a hardness level between 82.8--82.9 HV5 has been obtained while for glass microspheres values between 89.5--91.1 HV5 have been obtained. In the case of plastic particles, a hardness level between 87.2 and 90.2 HV5 has been obtained and for walnut shell values between 80.6 and 83.5 HV5 have been obtained. The increase in pressure has been compensated by the decrease in blasting time and vice versa and, therefore, the hardness remains nearly stable for the different blasting pressures.

The values, levels, and models of the increase in hardness and mechanical resistance that are achieved in the alloy studied are described in various models on projection with abrasives \[[@B39-materials-13-00799],[@B40-materials-13-00799]\]. The results of the proposed work corroborate the increase.

In order to know the magnitude of the hardened thickness, the Vickers hardness versus depth has been studied. A Vickers indenter has been prepared with loads of 5, 10, 20, and 30 kp. The depth of the footprint on our sandblasted substrates has been measured for those specimens obtained with pressures ranging from 0.4 to 0.6 MPa. The results are shown in [Figure 6](#materials-13-00799-f006){ref-type="fig"}.

It can be observed that the variation in hardness is practically linear and that the decrease of this property is more pronounced (greater slope) in those substrates sandblasted with glass microspheres and plastic particles than those with corundum and walnut shells. A law has been proposed that relates the Vickers hardness to the hardened thickness by means of a linear approximation ([Table 4](#materials-13-00799-t004){ref-type="table"}).

The laws proposed in [Table 4](#materials-13-00799-t004){ref-type="table"} allow us to relate the Vickers hardness value to the depth hardened in the total thickness of the processed substrate. When studying the maximum hardening depth (p~max~) due to the impact of abrasives, it is enough to replace the HV value for the value of the hardness of the sample supplied with PTFE. Thus, the maximum hardened depth from greater to lesser is obtained by: (1) glass microspheres, (2) plastic particles, (3) white corundum, (4) brown corundum, and (6) walnut shell. The levels are ≈170 µm for glass microspheres and ≈150 µm for all other abrasives.

Under the criterion of obtaining high Vickers hardness values and thicknesses of substrates affected by high hardening, the best abrasives are the glass microspheres and plastic particles. Hardness increases have reached levels of 17--19 units of HV5. In the case of the two-step procedure, the substrate does not experience any improvement in hardness with respect to the state after the application of PTFE \[[@B8-materials-13-00799],[@B32-materials-13-00799]\].

3.4. SEM Images {#sec3dot4-materials-13-00799}
---------------

[Figure 7](#materials-13-00799-f007){ref-type="fig"} shows the images obtained by the high-resolution scanning electron microscope in the state of supply and after stripping with each type of abrasive.

The most abrupt surfaces can be seen in [Figure 7](#materials-13-00799-f007){ref-type="fig"}b,c, as anticipated by the result of roughness Ra ≥ 4--5 μm obtained using brown and white corundum. Cuttings and surface deformation of the substrate can be appreciated.

In the case of glass microspheres ([Figure 7](#materials-13-00799-f007){ref-type="fig"}d), the value of Ra (3.5--4.5 µm) is relatively high and it is observed that there are traces corresponding to the spherical shape of the abrasive particles on the surface and, therefore, high values of Rz (35--37 µm) are obtained.

The plastic particles and walnut shells produce a low level of irregularities ([Figure 7](#materials-13-00799-f007){ref-type="fig"}e,f) that are compatible with the values of Ra (2--3 µm) and Rz (15--20 µm) obtained.

For the abrasiveness of glass microspheres as well as for plastic particles, the removal of the coating did not take place by a cutting effect but by a compressive effect (the images do not show cuts). The compressive mechanism likely generates micro-fissures by compression and, consequently, eliminates the coating. This effect is similar to cold plastic deformation and the hardness of the substrate after stripping is the highest obtained in the experiments.

In the micrograph relating to the abrasive walnut shell, there are also no cuts on the substrate surface. Due to the smaller size and lower hardness, this abrasive produces a lower substrate hardening than glass microspheres or plastic particles, but similar to that produced by corundum abrasives.

The appearance of the SEM images is similar to those obtained in other works \[[@B41-materials-13-00799],[@B42-materials-13-00799]\], for comparable abrasives used, and is compatible with the previously developed cutting models \[[@B40-materials-13-00799],[@B43-materials-13-00799]\].

4. Conclusions {#sec4-materials-13-00799}
==============

Considering the experimental study developed in this work, it can be indicated that, in order to strip PTFE coatings on Al-Mg substrates with abrasives in a single step, the following should occur.

-   The highest stripping rates (0.6--0.7 cm^2^/s) were obtained with brown and white corundum abrasives. This occurs both at 0.4, 0.5, and 0.6 MPa. The rates obtained by this route (1 step) are lower than those obtained by conventional techniques (2 steps), even though the process is more respectful to the environment.

-   The roughness levels Ra (2.5--4 µm) and Rz (30--35 µm) suitable for a correct surface preparation and for a later coating and reuse of the substrate were obtained with the abrasiveness of glass microspheres and with plastic particles in the pressure ranges tested (0.4, 0.5, and 0.6 MPa).

-   The optimal values to increase the hardness of the substrate (17--19 pcs of HV5 with respect to the recrystallized state) and greater depth of affectation (170 µm) were produced with the abrasives constituted by glass microspheres and plastic particles for all the values of the projection pressures (0.4, 0.5, and 0.6 MPa). A law has been proposed that relates Vickers hardness to hardened thickness by linear approximation.

-   All abrasives tested increase hardness on the substrate (10--19 units of HV5) in the case of a one-step procedure, unlike the process constituted in two steps. By contrast, stripping rates are significantly lower than 0.5--0.7 vs 1 to 1.2 cm^2^/s.

Therefore, in the one-step abrasive stripping process, the most suitable are glass microspheres and plastic particles. Although they have intermediate stripping rates, they are the ones that allow us to reach the adequate roughness during the cleaning process for a later coating with PTFE. In addition, they allow us to obtain high values of surface hardness, which is an essential property so that many pieces do not lose functionality after the thermal treatment applied for the PTFE sintering.

Lastly, it can be concluded that, although traditional procedures for removing PTFE coatings on Al-Mg substrates in two steps (carbonization + abrasive blasting) are faster than a single-step procedure (abrasive blasting), the latter improve the mechanical properties of the substrate and produce more suitable surface textures. Furthermore, the one-step procedure does not need to carbonize, does not emit combustion gases, and is environmentally more efficient.
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![Diagram and assembly of abrasive particle spraying equipment.](materials-13-00799-g002){#materials-13-00799-f002}

![Stripping rate on PTFE coatings on EN AW-5182 substrate vs. spray pressure with different abrasives: (i) BC-brown corundum, (ii) WC-white corundum, (iii) G-glass microspheres, (iv) P-plastic particles, and (v) WS-walnut shell.](materials-13-00799-g003){#materials-13-00799-f003}

![Ra (**a**) and Rz (**b**) values after stripping PTFE coatings on the EN AW 5182 substrates with different abrasives: (i) BC-brown corundum, (ii) WC-white corundum, (iii) G-glass microspheres, (iv) P-plastic particles, and (v) WS-walnut Shell.](materials-13-00799-g004){#materials-13-00799-f004}

![Vickers hardness values with loads of 5 kg (HV5) after stripping PTFE coatings on an EN AW 5182 substrate with different abrasives at 0.4, 0.5, and 0.6 MPa: (i) BC-brown corundum, (ii) WC-white corundum, (iii) G-glass microspheres, (iv) P-plastic particles, and (v) WS-walnut Shell.](materials-13-00799-g005){#materials-13-00799-f005}

![Vickers hardness with loads 5, 10, 20, and 30 kp versus penetration depth in ENAW5182 aluminium substrate, after sandblasting with various abrasives between 0.4 to 0.6 MPa for PTFE stripping.](materials-13-00799-g006){#materials-13-00799-f006}

![SEM images of the various sandblasted samples. (**a**) State of delivery, (**b**) brown corundum, (**c**) white corundum, (**d**) glass microspheres, (**e**) plastic particles, and (**f**) walnut shell.](materials-13-00799-g007){#materials-13-00799-f007}

materials-13-00799-t001_Table 1

###### 

Chemical composition (% by weight) of the EN AW-5182 alloy.

  Si     Fe     Cu   Mn     Mg     Cr     Zn   Ti     Other   Al
  ------ ------ ---- ------ ------ ------ ---- ------ ------- ------
  0.10   0.20   --   0.40   4.08   0.15   --   0.05   --      Rest

materials-13-00799-t002_Table 2

###### 

Application process, thickness, and colour of PTFE coating TFI-2531 N.

  Products (Whitford)                         Temperature (°C)/Time (min)   Thickness Layer 1 (µm)/Thickness Layer 2 + 3 (µm)   Colour
  ------------------------------------------- ----------------------------- --------------------------------------------------- --------
  Layer 1: Quantum2 7131                      120--150/5                    13.5 ± 3.5/36.1 ± 3.2                               Black
  Layer 2 + 3: Quantum2 7232 + Eclipse 7353   410/15                                                                            

materials-13-00799-t003_Table 3

###### 

Characteristics of the abrasives used in the study.

  Abrasive             Mohs Hardness   Grain Size (µm)   Specific Weight (g/cm^3^)
  -------------------- --------------- ----------------- ---------------------------
  Brown Corundum       9               600--425          3.94
  White Corundum       9               425--300          3.98
  Glass Microspheres   6               300--200          2.5
  Plastic Particles    4               450--300          1.52
  Walnut Shell         2.5--3          240--100          1.2--1.4

materials-13-00799-t004_Table 4

###### 

Ratio of Vickers hardness (HV) to indentation depth p (µm) on EN AW-5182 substrates after blasting with various abrasives from 0.4 to 0.6 MPa for PTFE stripping.

  Abrasive Types           Ratio between HV (Vickers Hardness) and p (Depth-µm)   p~max~ (µm)
  ------------------------ ------------------------------------------------------ -------------
  Brown corundum (BC)      HV = −0.1110 × p + 87.167                              146.2
  White corundum (WC)      HV = −0.1074 × p + 87.807                              152,9
  Glass microspheres (G)   HV = −0.1469 × p + 96.755                              172.7
  Plastic particles (P)    HV = −0.1520 × p + 94.849                              154.4
  Walnut shell (WS)        HV = −0.0985 × p + 85.941                              147.82
